Segment 5 of bluetongue virus (BTV) serotype 10, which encodes the outer capsid protein VP5, was tagged with glutathione S-transferase and expressed by a recombinant baculovirus. The recombinant protein was subsequently purified to homogeneity, and its possible biological role in virus infection was investigated. Purified VP5 was able to bind mammalian cells but was not internalized, which indicates it is not involved in receptor-mediated endocytosis. The purified VP5 protein was shown to be able to permeabilize mammalian and Culicoides insect cells, inducing cytotoxicity. Sequence analysis revealed that VP5 possesses characteristic structural features (including two amino-terminal amphipathic helices) compatible with virus penetration activity. To assess the role of each feature in the observed cytotoxicity, a series of deleted VP5 molecules were generated, and their expression and biological activity was compared with the parental molecule. VP5 derivatives that included the two amphipathic helices exhibited cytotoxicity, while those that omitted these sequences did not. To confirm their role in membrane destabilization two synthetic peptides (amino acids [aa] 1 to 20 and aa 22 to 41) encompassing the two helices and an additional peptide representing the adjacent downstream sequences were also assessed for their effect on the cell membrane. Both helices, but not the downstream VP5 sequence, exhibited cytotoxicity with the most-amino-terminal helix (aa 1 to 20) showing a higher activity than the adjacent peptide (aa 22 to 41). Purified VP5 was shown to readily form trimers in solution, a feature of many proteins involved in membrane penetration. Taken together, these data support a role for VP5 in virus-cell penetration consistent with its revelation in the entry vesicle subsequent to cell binding and endocytosis.
Infection of a cell by a virus involves a number of steps. The virus must attach to the cell surface, penetrate, and subsequently become sufficiently uncoated to make its genome accessible to viral or host machinery for transcription or translation. Virus attachment to cells in many instances leads to irreversible changes in the structure of virions, facilitating the penetration. While enveloped viruses (such as influenza viruses, paramyxoviruses, and retroviruses) rely predominantly on the fusion of their envelopes with the cell membrane during penetration, the mechanisms of penetration for nonenveloped viruses (such as picornaviruses, adenoviruses, and reoviruses) involve either protein-mediated rupture of endosomes, allowing the release of partially uncoated particles, or the formation of a protein-lined transmembrane pore through which the genome is transported to the cytoplasm (6, 26, 40, 62, 65) . For nonenveloped viruses, separate coat proteins are often involved in the activities of virus attachment, entry, and penetration (10, 13, 14, 20, 22, 37, 39, 43, 52, 60) . Understanding the mechanism of virus entry and uncoating for nonenveloped viruses has been greatly enabled by studies of small icosahedral viruses such as poliovirus (10, 20, 55) and of the larger and more complex icosahedral adenoviruses (50) . Both viruses have true icosahedral symmetry, with capsid structures made up of equimolar amounts of proteins with relatively simple structures (see reviews in references 24 and 59) . In contrast, the mechanisms by which large, spherical nonenveloped viruses with complex capsid structures, such as the members of the Reoviridae, penetrate the cell membrane are relatively poorly understood. To redress this imbalance, we have undertaken studies to define the entry and penetration mechanisms for Bluetongue virus (BTV), the type virus species of the genus Orbivirus within the family Reoviridae.
Although the overall morphological and physicochemical properties of orbiviruses are similar to those of the other members of the family, orbiviruses are distinct from reoviruses and rotaviruses in a number of ways. BTV and other orbiviruses are vectored to vertebrates by arthropod species, multiplying in both species. They are structurally unique in having proteins in their organization that bear no similarity in primary sequence to those of reovirus or rotaviruses (see reviews in references 56 and 57). The virions are also more fragile than reovirus, BTV infectivity being lost in mildly acidic conditions and on exposure to lipid solvents and detergents, although there is no evidence for the presence of a lipid component in purified virions (23) .
BTV virions are architecturally complex and are composed of seven discrete proteins in specific but nonequimolar ratios that are organized into two capsids (for reviews, see references 27, 28, 29, 53, 56, 57, and 61) . The virion proteins encapsidate the genome of 10 double-stranded RNA (dsRNA) segments. The outer capsid, which is composed of two major structural proteins, a larger 110-kDa protein, VP2, and a smaller 60-kDa protein, VP5, is involved with cell attachment and virus penetration during the initial stages of infection. Each protein is a product of a single gene and is not derived from a precursor protein, as in the case of outer capsid proteins of reovirus and rotaviruses (see reviews in references 17 and 51). After entry into cells, the virus is uncoated (VP2, VP5 removed) to yield a transcriptionally active core particle which is composed of two major proteins (VP7 and VP3) and three minor proteins (VP2, VP4, and VP6) in addition to the dsRNA genome (57) . There is no evidence that any trace of the outer capsid remains associated with these cores, as has been described for reovirus (see reviews in references 16 and 51) . Using cryo-electron microscopic analysis of unfixed and unstained virions and virus-like particles (VLPs), we have shown that the two outer shell proteins have distinctive shapes. One of these proteins is globular, almost spherical, with 360 molecules sitting neatly on each of the six-membered rings of the underlying VP7 trimers (27, 28, 29) , and the other is sail-shaped with protruding triskelion spikes, located above 180 of the VP7 trimers. Together, the two proteins form around the core a continuous layer ca. 86 nm in diameter. VP2, which is believed to be the spike-like protein, has been shown to be responsible for eliciting virus neutralizing antibodies, hemagglutination activity, and serotype specificity (15, 25, 30, 31, 32, 34, 58) . Antibody neutralization experiments supported by our recent studies on direct cell binding with VP2 and its subsequent internalization suggest that VP2 is the protein associated with the cell attachment and entry of virions (26) . The second outer capsid protein VP5 may also play a role in virus neutralization activity as VP5 enhances the protective neutralization activity of VP2 in sheep (58) .
Once BTV has attached to the surface of a susceptible cell, the virus is internalized by receptor-mediated endocytosis, forming clathrin-coated vesicles containing virus particles (see review in reference 16). Following internalization, the clathrin coats of endocytosed vesicles are rapidly lost, resulting in formation of large endocytic vesicles where VP2 is degraded. By a mechanism that has yet to be elucidated, the partly denuded BTV virion causes destabilization of vesicle membrane to allow the penetration of the newly uncoated core particles into the cytoplasm. The release of the BTV core has been shown to be dependent on acidic pH since the addition of compounds that raise the lysosomal or endosomal pH prevents endocytosed virus particles from entering the cytoplasm (16) . Thus, although the outer capsid proteins are clearly responsible for virus entry and penetration, the precise mechanism of membrane traverse and the structural changes in the outer capsid proteins associated with it, remain unclear. The position of VP5 in the capsid would, however, be consistent with a role in the translocation of the core into the cytoplasm after cell entry.
To gain an understanding of the function of VP5, we have produced a tagged form of the molecule and examined its properties of cell binding, internalization, and membrane permeabilization. Our studies suggest that, although VP5 binds to the cell surface, it is not responsible for virion internalization but could have a role in the membrane destabilization required for core access to the cytoplasm. The data have further been substantiated by generating a series of VP5 deletion mutants and relevant peptides based on the predicted structural features of VP5 and by subsequent assessment of their effect on membrane permeabilization.
MATERIALS AND METHODS

Cells and viruses.
The cell lines used in this study were mouse fibroblasts (L929), BHK-21 (baby hamster kidney) cells, and Vero (African green monkey kidney) cells. The cells were grown in Leibovitz L-15 medium or in RPMI medium supplemented with HEPES, 1% L-glutamine and penicillin-streptomycin (Gibco), and 10% fetal bovine serum (FBS) and incubated at 37°C. BTV serotype 10 (BTV-10) was propagated in BHK-21 cells, and titration of the virus by plaque assay was conducted in Vero cells. Recombinant baculoviruses based on Autographa californica nuclear polyhedrosis virus (AcNPV) were propagated in Spodoptera frugiperda (Sf9) cells as described by King and Possee (36) .
Cloning of segment M5 of BTV-10 into the GST pAcG2T baculovirus transfer vector. The baculovirus transfer plasmid pAcYM1-10.5 encoding full-length VP5 of BTV serotype 10 has been described previously (45) . To generate a baculovirus glutathione S-transferase (GST)-VP5 expression plasmid, the full-length coding sequence of VP5 was amplified and cloned into the baculovirus transfer vector pAcG2T (Pharmacia). The orientation of inserts were characterized by restriction mapping and DNA sequencing. Recombinant baculoviruses were obtained by transfecting Sf9 cells with a mixture of the newly generated transfer vector (pAcG2T-VP5) DNA and a linearized AcNPV DNA (BacPAK6; Clontech) as described by King and Possee (36) . The expression of full-length GST-VP5 was analyzed by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE), followed by detection by Coomassie blue staining and the identity of VP5 was confirmed by Western blotting using BTV-10 antisera as described previously (26) . Other plasmid constructions encoding variants of the VP5 coding sequence were prepared using a combination of the PCR and subcloning. A GST-VP5 fusion protein lacking amino acids (aa) 1 to 41 was amplified with primers to delete the 5Ј end of the VP5 coding region, followed by cloning into pAcG2T as before. To remove the region encoding aa 127 to 526 of VP5, a construct expressing full-length GST-VP5 was digested with SacI and SmaI, blunt ended with Klenow polymerase, and religated. Similarly, to remove the region encoding aa 273 to 526, the NdeI-SmaI fragment was removed, and the resulting plasmid was religated. To express only aa 128 to 526 of VP5, the SacI-BamHI fragment was excised from pAcYM1-10.5, blunt ended, and cloned into the BamHI site of pAcG2T. Similarly, to express aa 273 to 526 as a fusion protein with GST, an NdeI-BamHI fragment was excised from pAcYM1-10.5 and cloned into the BamHI site of pAcG2T. GST fusion proteins encoding the first 39 amino acids of VP5 were produced by amplification of the relevant coding region, followed by cloning in pAcGST2T as before. A full-length VP5 fused to a C-terminal His tag and a VP5 deletion mutant lacking the first 41 aa was produced by amplification of the coding region of VP5, followed by cloning into baculovirus transfer vector pBac2cp (Novagen). All transfer vectors were subject to confirmation by DNA sequencing before their use to produce recombinant baculoviruses. A representation of each of the constructions used in this work is shown in Fig. 6A .
Expression and purification of recombinant VP5. Sf9 cells at 2 ϫ 10 6 cells/ml cultivated as suspension cultures in TC-100 medium containing 5% FBS and antibiotics were infected with the recombinant VP5 baculovirus at a multiplicity of infection (MOI) of 10 to 25 PFU/cell. The cells were harvested by centrifugation after 42 h of incubation at 28°C and processed further to obtain the soluble extract as described previously (26) . The purification of the VP5 was performed using a glutathione-Sepharose column as suggested by the manufacturer (Pharmacia). Briefly, the GST-VP5 fusion protein was bound to highaffinity GST-beads (Pharmacia) and subsequently cleaved from the beads using a biotinylated thrombin preparation. The biotinylated thrombin was then removed from the purified VP5 by using streptavidin-agarose beads.
Metabolic-labeling of BTV and recombinant baculovirus-infected cells. Radiolabeling of BTV and VP5 proteins with [ 35 S]methionine was conducted as described previously (26) .
Preparation of antibodies against the expressed purified VP5. A monospecific polyclonal antibody (PAb) against the purified VP5 was prepared in mice using standard procedures for antibody production. The immunoglobulin fraction of the antisera was purified using the monoclonal antibody (MAb) Trap GII system (Pharmacia) according to the manufacturer's instructions. The protein concentration was estimated using the Bradford protein assay method (4) .
Immunoprecipitation assay. This assay was conducted according to the methods of Hussy et al. (33) . The anti-VP5 PAb (described above) was bound to protein A-Sepharose for 2 h at 4°C. Controls included normal rabbit serum, anti-BTV-10 antibody, or the polyclonal anti-VP2 antibody against the VP2. The antibody-coated beads were incubated with 10 l (2 g) of purified [ 35 S]methionine-labeled VP5, 50 l of BTV-infected cell lysates, or mock-infected cells for 16 h at 4°C. Samples were washed, and the complexes were heated for 10 min in SDS-PAGE sample buffer prior to separation on SDS-10% PAGE, followed by autoradiography.
Binding and internalization assays using indirect immunofluorescence. A Vero cell line permissive for BTV was used. For immunofluorescence studies, cells were grown on coverslips and incubated with 15 g of purified VP5 and VP2. Binding was carried out at 4°C for 1 h and internalization was at 37°C for an additional 1 h. Surface membrane immunofluorescence and internal staining was conducted as described previously (26) .
Generation of purified VP2, VP7 proteins, and particles. The recombinant VP2 and VP7 were purified as described previously (2, 26) . BTV core-like particles (CLPs) synthesized by a recombinant baculovirus were purified by sucrose density gradient centrifugation as described previously (19) . The purity of the proteins and particles was confirmed by SDS-PAGE and electron microscopy. The protein concentration was estimated using the Bradford protein assay method (4) .
Cytotoxicity assay. A colorimetric cell cytotoxicity assay (Cytotox 96; Promega) was adopted for the determination of cell leakage. This quantitative assay measures levels of lactate dehydrogenase (LDH), a stable cytoplasmic enzyme released on cell lysis. This assay reveals early, low-level damage to cell membranes that may be missed with other methodologies. Furthermore, this technology has been used for measuring natural cytotoxicity and has been shown to give similar values as determined in parallel 51 Cr release assays (12, 38) . In this assay, a concentration of cells with absorbance values at least two times above the background absorbance of the control were used. The concentration of serum used to maintain the cells' viability was kept to a minimum (i.e., 2%) since serum contains LDH at low levels. Control samples were therefore set up to correct for LDH in the medium and from spontaneous release of LDH from uninfected cells. The maximum release of LDH from uninfected cells was measured after lysis of the cells with Triton X-100 at a final concentration of 0.8% in the medium. Either L929 or Vero cells were used as target cells and incubated with the purified BTV proteins and particles or peptides at 37°C for 4 h in V-bottom plates. Quadruple samples were used for each, and the average of LDH release was calculated. Three to five sets of experiments were performed, and the readings varied no more than 5% for individual sample. Synthetic peptides used, were dissolved in dimethyl sulfoxide (DMSO) and diluted with cell culture medium. The plates were then centrifuged, and the supernatant was harvested and incubated with the assay substrate at room temperature for 30 min before the reaction was stopped using 1 M acetic acid as described by the manufacturer (Promega). The controls were included in quadruplicate. The percent toxicity values were calculated by substitution of the mean absorbance values at 492 nm into the following equation: percent cytotoxicity ϭ [(experimental culture medium background) Ϫ (spontaneous culture medium background)/(maximum release Ϫ volume correction control)] ϫ 100.
SDS-PAGE analysis of the oligomeric nature of VP5. Preliminary studies on the oligomeric nature of the purified [
35 S]methionine radiolabeled VP5 were performed by analyzing the protein by PAGE. The protein was resuspended in sample buffer (1% SDS; 15% glycerol; 10 mM Tris-HCl, pH 6.8) with or without 1% ␤-mercaptoethanol and with or without heat treatment at 100°C for 2 min. The samples were analyzed by electrophoresis on 7% PAGE gels followed by autoradiography. Apparent molecular weights were estimated using a mixture of molecular weight markers (Sigma).
Glycerol gradient sedimentation. The purified VP5 (ca 0.5 mg) was sedimented through 25 to 40% glycerol gradients, in 20 mM Tris (pH 8.4)-100 mM NaCl-1 mM dithiothreitol-0.5 mM EDTA for 30 h at 35,000 rpm in an SW41 rotor at 4°C. A mixture of marker proteins containing bovine serum albumin (BSA; 66 kDa), ␤-amylase (200 kDa), and apoferritin (440 kDa) was also centrifuged using a parallel gradient. Gradients were fractionated in 0.5-ml volumes beginning at the top of the gradient (fraction 1) and continuing until 24 fractions had been collected. Aliquots of 20 l of each fraction were resolved using SDS-PAGE, followed by Western blot analysis.
Size exclusion column chromatography of VP5 oligomers. Sf9 cells were infected at an MOI of 2 with a recombinant baculovirus expressing untagged VP5 (45) and harvested at 24 h postinfection. The cell pellet was lysed in 10 ml of TENT (150 mM NaCl; 50 mM Tris, pH 7.5; 1 mM EDTA; 1% Triton X-100) buffer. The lysate was subsequently centrifuged for 30 min at 11,000 rpm in a JA12 rotor, filtered through a 0.22-m (pore-size) filter, and 1/3 loaded on a 1-ml HitrapQ column equilibrated in 100 mM NaCl-50 mM Tris (pH 7.5). The column was developed with a linear gradient from 100 mM to 1 M NaCl for 20 min at 0.5 ml/min. Fractions containing VP5 were pooled and 45% (wt/vol) NH 4 SO 4 in 25 mM Tris (pH 7.5) was added to adjust the NH 4 SO 4 concentration to 15%. The sample was then loaded onto a 1-ml Hitrap phenyl-Sepharose high-performance column. To elute bound proteins, the column was developed with 20 column volumes of a linear gradient from 15% NH 4 SO 4 to 0% NH 4 SO 4 in 25 mM Tris-HCl (pH 7.5) at 0.5 ml/min. Fractions containing VP5 were pooled and applied on a Superdex 200 column equilibrated in 25 mM Tris (pH 7.5)-0.5 M CH 3 COONH 4 . Proteins were eluted at 0.5 ml/min, and 2-ml fractions were collected.
RESULTS
High-level expression and rapid purification of VP5. To obtain sufficient purified VP5 protein for biochemical analysis, we prepared a recombinant baculovirus that expressed BTV VP5 in Sf9 cells as a GST-VP5 fusion protein. When recombinant virus-infected cells were examined by SDS-PAGE, the recombinant fusion protein was expressed at a maximum level between 36 to 48 h postinfection, following which the expression level declined gradually. The level of expression of fusion protein was higher than that of untagged VP5 protein, as reported previously (40) . Band intensity, as measured by densitometry of infected cell extracts at 36 h postinfection, suggested that about 20% of the total infected cellular protein was GST-VP5 (Fig. 1A, lane 1) . The protein was found in the detergent-soluble fraction of infected cells (Fig. 1A , compare lane 2 to lane 3) and was identified as VP5 by Western blotting (Fig. 1B) with the anti-VP5 MAb 10AE12 (46) . GST-VP5 was purified from extracts by glutathione affinity chromatography (Fig. 1A, lane 4) and released by cleavage of the immobilized fusion protein with thrombin (Fig. 1A, lane 5) . Some free GST was also present in the soluble lysate but not in the final VP5 preparation (Fig. 1A , compare lane 4 to lane 5). The final yield of purified soluble VP5 was 0.3 to 0.5 mg per 10 8 infected cells, an amount sufficient for functional characterization. The recombinant VP5 protein generated has two additional non-VP5 residues at its N terminus (Gly and Ser), due to the construction of GST VP5 fusion vector.
The authenticity of the soluble recombinant purified VP5 protein produced as a GST fusion and purified as described above was further confirmed by the generation of sera in guinea pigs, followed by assessment of its ability to recognize the authentic BTV virion protein. The serum reacted with only VP5 by Western blot of BTV particles ( Fig. 2A) . When used for immunoprecipitation assays, the serum was able to precipitate BTV particles from the supernatant of BTV-infected BHK-21 cells as efficiently as a VP2-specific serum used as a control (Fig. 2C) . The position of all BTV structural proteins was identified by reaction of an anti-BTV-10 polyvalent serum with purified virions by Western blot (Fig. 2B) .
Purified VP5 binds metabolically active mammalian cells but is not internalized. To determine whether VP5 is able to attach to cells and subsequently be internalized by receptormediated endocytosis, purified VP5 protein was used in cell binding and internalization assays as described previously (26) . In this assay, VP5 was bound to Vero cells at 4°C and detected by indirect immunofluorescent antibody staining as described in Materials and Methods. VP5 was found to efficiently attach to the cell surface, exhibiting a ring of fluorescence on the surface of the cells (Fig. 3B ) that was absent from mock preparations (Fig. 3A) . Cells with VP5 bound were allowed a further incubation at 37°C for 1 h to allow internalization of the bound antigen, but no change in the fluorescent pattern was observed (Fig. 3D ). In contrast, purified VP2 gave a clear homogeneous fluorescent staining of the cytoplasm (see Fig.  3E ) when incubated at 37°C for 1 h to allow internalization, as previously reported (26) . No such cytoplasmic staining was observed when BTV proteins were not included (Fig. 3C ). These data suggest that both VP5 and VP2 proteins, present in the outer capsid of the virion, are able to bind to the cell surface, but only VP2 can be internalized. Thus, unlike VP2, VP5 membrane binding is unlikely to be part of a receptormediated endocytotic uptake mechanism but may reflect intrinsic hydrophobicity.
Membrane permeabilization by VP5. The expression of BTV VP5 alone by recombinant baculoviruses has been noted previously to result in early cell death (40, 42) . Moreover, the membrane-binding capability of purified VP5 suggests that toxicity may be related to membrane disruption. To examine this possibility, we adapted a commercially available cytotoxicity assay that measures the release of an intracellular enzyme, LDH, to assess the effect of exogenously applied VP5. Similar assays have been successfully used when other types of virusinduced cytotoxicity were studied (12) (13) (14) 38) . VP5 activity (as a fixed concentration) was compared to that exhibited by several other BTV reagents, including purified VP2, purified VP7, wild-type BTV particles, and baculovirus-derived CLPs. A high concentration of soluble VP5 was used in order to mimic the locally high and oriented concentrations of VP5 that occur during infection. The LDH release assay was performed at both pH 5.5 and pH 7.5. Cell substrates included L929 cells and C6/36 cells as BTV replicates in both mammalian and insect cells such as Culicoides cells and mosquito-derived cells (C6/36). Purified VP5 induced a substantial release of LDH in both cell types at either pH, indicating a lack of specificity in the protein's ability to disrupt the cellular plasma membrane (Fig. 4A) . Heat-denatured VP5 (65°C for 30 min) abrogated the observed cell membrane disruption, indicating a role for the tertiary structure of the protein in activity. Purified VP2 protein showed a very low permeabilization of both cell types (2 to 4%), while the other reagents tested showed no ability to cause LDH release.
LDH release was found to correlate with the amount of VP5 added for both C6/36 and L929 cell lines, reaching a plateau at approximately 10 g of VP5 per 10 4 L929 cells and 8 g per 10 4 C636 cells (Fig. 4B) . These results show that VP5-induced cytotoxicity is dose dependent and varies little between cell types. 
Downloaded from
Domain structure of VP5 revealed by secondary structure analysis. Three-dimensional reconstruction of BTV virion particles following cryoelectron microscopy suggests that VP5 may be a globular protein with an almost spherical shape (28, 29) . We used hydrophobic cluster analysis (HCA), a computer homology modeling program to predict the structural organization of VP5 based on its amino acid sequence. The prediction is essentially a two-dimensional helical representation of protein sequences, which combines the comparison of sequences and that of the protein secondary structures statistically centered on hydrophobic clusters (6, 21, 41, 42, 66) . HCA analysis of VP5 demonstrated that the 526 residues are divided into two domains, an amino-terminal domain (aa 1 to 240) with the features of a coiled-coil structure and a carboxyl-terminal domain (aa 260 to 526) separated by a flexible alanine-and glycine-rich hinge region (Fig. 5A) . Additional "coils" and "learncoils" programs were used to confirm the coiled coil regions of the molecule (3, 44) . The coiled-coil organization of VP5 is very similar to the organization observed in the influenza A hemagglutinin (HA2), in the F proteins of paramyxoviruses, and in gp41 of human immunodeficiency virus type 1 (HIV-1) as deciphered through HCA analysis. Two amphipathic helices (helix 1 and helix 2) have also been identified in the first 40 residues at the amino terminus of VP5, followed by a strong stretch of hydrophobic residues. As shown in Fig. 5B , both helix 1 (aa 3 to 21) and helix 2 (aa 22 to 41) have a net-positive charge on their hydrophilic faces, which would allow them to bind to negatively charged phospholipids. These structural data support the notion that VP5 may be a membrane-destabilizing protein, consistent with a role in cell entry following virion internalization.
The amino terminus of VP5 is responsible for cytotoxicity. To examine whether the predicted amphipathic helices of VP5 play a role in the observed cytotoxicity, a series of N-and C-terminal deletion mutants were constructed (Fig. 6A) , and the mutant VP5 was expressed using the baculovirus expression system, either as VP5 sequences alone or, to facilitate purification, after fusion to GST. GST-tagged full-length VP5 was expressed at higher levels than was VP5 alone (see Fig. 1 and 6B), and progressive deletion of the N terminus (e.g., ⌬42-526, ⌬128-526, and ⌬273-526) was found to increase the expression level still further (Fig 6B) . Deletions from the C terminus failed to increase the amount of fusion protein produced after 48 h of infection, suggesting a sequence-specific effect and not simply the result of a reduced size of translated product (Fig 6B) . Even when not fused to a GST tag, the deletion mutant ⌬43-526 was expressed at a significant level compared to full-length VP5. All deletion constructions were capable of expression, however, since they could be detected by Western blot using an antiserum raised against the GST-VP5 fusion protein (Fig. 6C) . However, for a fusion protein that consisted of only the first 39 amino acids of VP5 (see the arrow in Fig. 6C ), the band was barely detectable by Western blot. This provides direct evidence of an inverse correlation between the presence of the extreme VP5 N terminus in unblocked form and the level of expression observed, a finding consistent with a role for the N terminus in membrane destabilization.
Destabilization of cellular plasma membrane by synthetic VP5 peptides encompassing the "amphipathic" helices. Amphipathic helices are a characteristic structural feature of many antimicrobial peptides that act on the plasma membrane. They are also found in the fusogenic proteins of enveloped viruses such as the hemagglutinin protein of influenza virus and the envelope glycoprotein (gp41) of HIV (1, 8, 48, 62, 63, 64, 65) . Their amphipathic structure allows them to insert into membrane bilayers where they may form pores that destabilize membrane potential. To confirm the VP5 expression data and to ascertain if two amino-terminal "amphipathic" helices were sufficient on their own to trigger LDH release, we generated three peptides. Two of these peptides (aa 1 to 20 and 22 to 41) encompassed the two amphipathic helices and the third (aa 44 to 53) represented the hydrophobic residues immediately downstream. All three peptides were assessed for their effect on plasma membrane using LDH release as described above. Both peptides with amphipathic character caused substantial release of LDH, with peptide 1, the more basic of the two helices, exhibiting marginally higher activity than peptide 2 ( Fig. 7) , while the third peptide, although generally hydrophobic, failed to show any such effect. Purified VP5 is oligomeric and forms trimers in solution. HCA analysis of VP5 strongly predicted a coiled-coil configuration downstream of the amphipathic helices. Coiled-coil motifs are found in a wide variety of viral and cellular proteins, including intermediate filaments, cell surface receptors, molecular motors, transcription factors, the hemagglutinin fusion protein of influenza virus, and HIV-1 gp41 (8, 62, 63) . In most cases coiled coils serve as molecular connectors, allowing oligomerization of two or more protein molecules. Many of these proteins, including HA and gp41, form trimers in solution (8, 62, 63) . Cryo-electron microscopy of BTV has suggested that BTV VP5 may also assemble into a trimer (28, 29) . To provide biochemical support for this, VP5 purified from the GST carrier as described above was analyzed for its multimeric state by gel electrophoresis under reducing and nonreducing conditions by velocity gradient centrifugation and by gel filtration chromatography. When VP5 was dissociated by heat in the presence of ␤-mercaptoethanol, only a single band of fulllength VP5 with an apparent molecular mass of ϳ59 kDa was detected by SDS-PAGE (Fig. 8A, lane 1) . In the absence of a reducing agent, however, an additional band with apparent molecular mass of ϳ180 kDa was detected at a low level (Fig.  8A, lane 3) , a finding consistent with the size of a VP5 trimer. The ϳ180-kDa band was much more intense when the protein sample was not heated prior to application to the gel (Fig. 8A,  lane 2 ). This suggests VP5 may exist as a trimer in solution, a small part of which, probably an artifact of the high VP5 concentration, is disulfide linked. Further evidence for the solution structure of VP5 was obtained by sedimentation through glycerol gradients, followed by fractionation and analysis by SDS-PAGE and Western blot. Two peaks of VP5 were detected in fraction numbers 6 to 8 and 11 to 14 (Fig. 8B) , coinciding with marker BSA (66 kDa) and ␤-amylase (200 kDa), respectively. This profile would be consistent with VP5 existing as a mixture of monomeric and trimeric forms in solution.
Additional evidence for the oligomeric state of VP5 was obtained by gel filtration chromatography of part-purified VP5 preparations on a Superdex-200 column. The column was calibrated using a set of protein molecular mass size standards that included apoferritin (443 kDa), amylase (200 kDa), alcohol dehydrogenase (150 kDa), and BSA (66 kDa) covering the range of molecular masses expected of oligomeric VP5 structures. Purified VP5, examined under the same buffer conditions, was identified by SDS-PAGE of the elution fractions in fractions 5 and 6 (ϳ57 kDa) and as a broad band eluting in fractions 10 to 12 (the 180-to 210-kDa range of the gel) (Fig.  8C, middle panel) . No higher-molecular-weight species were observed. Since the VP5 preparation used for gel filtration showed monomeric and oligomeric proteins, the presence of VP5 was confirmed by Western blot of fractions 8 to 14 using a polyvalent BTV serum (Fig. 8C, lower panel) .
Thus, by three independent measures of the oligomeric state, the migration of VP5 was consistent with it being predominantly a trimer in solution.
DISCUSSION
An increasing body of evidence suggests that the ability of viruses to modify membrane permeability and induce lysis is mediated by a single viral gene product and does not require the assembly of viral particle (7) . Expression of proteins by heterologous expression systems, such as the baculovirus system, can provide sufficient protein for an examination of the intrinsic membrane permeability properties of individual viral proteins. We have used this approach to prepare tagged and nontagged forms of the BTV VP5 protein. N-terminally GSTtagged VP5 fusion protein was expressed at higher levels than untagged VP5, suggesting that masking the amino terminus allows higher levels of protein to stably accumulate. VP5 alone, in contrast, has been shown to be cytotoxic and easily degraded following expression (45, 47 ; also unpublished results). The GST-VP5 expression level was sufficient to enable purification to homogeneity and further characterization of its biological function. Purified protein was able to bind to mammalian cells in monolayers, whereas data obtained by the Huismans et al. (31) reported that BTV particles stripped of VP2 and with VP5 exposed did not bind to BHK-21 cells in suspension. Differences in cell culture conditions or the forms of VP5 used in our study and that used by Huismans et al. may be responsible for the apparent contrast in cell binding activity. However, purified protein was not internalized, suggesting that it is unlikely to be involved in receptor-mediated endocytosis, a function that has been recently mapped to the 110-kDa VP2 protein, the larger protein of the outer capsid (26) . The soluble purified VP5 was also found to form trimers, a finding consistent with the predictions of cryoelectron microscopy and image analysis (28, 29) . Of note, several other viral fusion proteins are found as trimers, e.g., the influenza virus hemagglutinin (65) and the fusogenic proteins of togaviruses, rhabdoviruses, and some retroviruses (8, 11, 62, 63) .
VP5 intrinsic cytotoxicity was investigated using a LDH release assay, which showed that purified protein causes cellular permeabilization. The disruption of membrane integrity was observed to be greater for C6/36 insect cells than for mammalian cells, possibly due to the different lipid composition of each. LDH release by purified protein did not require acidic pH, suggesting that the acidic environment of endosome through which the virion enters the cell may be required only for the removal of VP2 and not for the activity of VP5. In support of this hypothesis, Huismans et al. (32) showed that VP2 could be completely removed from BTV in vitro at pH 5.0 to leave VP5 exposed. The solubilized and trypsin-cleaved outer glycoprotein of rotavirus, VP7, also induces permeabilization of cell membrane vesicles (9) .
Secondary amino acid sequence analysis of VP5 revealed FIG. 7 . Membrane permeabilization of synthetic peptides encompassing the putative amphipathic helices. Three N terminal peptides were used for LDH release assay: (i) MGKIIKSLSRFGKKVGNALT (aa 1 to 20), (ii) NTAKKIYSTIGKAAERFAES (aa 22 to 41), and (iii) GAATIDGLVQGSVHSIITGE (aa 44 to 53). The peptides were dissolved in DMSO at a concentration of 10 g/ml, and subjected to LDH release assay as described for Fig. 4 . The cell cytotoxicity assay was conducted by adding various concentrations of each peptide to the 10 4 L929 cells. Readings (OD 492 ) from duplicate wells of each concentration were used to calculate the percent cytotoxicity. The percent cytotoxicity was calculated according to a formula as described in Materials and Methods. Four different experiments were performed, any individual of which varied no more than 5%.
that the protein has structural features consistent with a role in virus penetration of the cell. The amino terminus is high in helical content, with a strongly predicted coiled-coil structure connected to a globular domain in the carboxyl half of the protein. Three-dimensional reconstructions of cryo-electron microscopy studies at low resolution have also predicted one of the outer capsid proteins to have an overall globular structure (24, 25) . Two "amphipathic" helices were identified at the beginning of the coiled-coil domain, a finding consistent with a role in insertion into the lipid membrane bilayer. For reovirus, an analogous function has been assigned to the predicted two amphipathic helices (aa 534 to 551 and aa 591 to 604) of the 1 protein (43). Similar motifs have been also identified in the VP4 protein of rotavirus (13) . Interestingly, both 1 and VP4 are the hemagglutinin and virus attachment proteins for cellular receptors, a situation unlike that for BTV, in which the VP2 protein, not VP5, possesses these activities. However, there are clearly some structural features and domain organization that FIG. 8 . Identification of VP5 oligomers. (A) Western blot showing VP5 oligomers in reducing and nonreducing conditions. Purified soluble VP5 was analyzed by SDS-7% PAGE, blotted onto nitrocellulose paper, and probed with an anti-VP5 PAb. The VP5 were investigated in the presence (ϩME) or absence (ϪME) of 1% ␤-mercaptoethanol and with (ϩheat) or without (Ϫheat) heating to 100°C for 4 min. The samples were resuspended in sample buffer containing 1% SDS, 15% glycerol, and 10 mM Tris-HCl (pH 6.8). The trimer (180 kDa) and monomer (ϳ59 kDa) are indicated. Additional smaller bands are the VP5 degraded products. (B) Western blot of purified VP5 after fractionation by glycerol gradient (20 to 40%) centrifugation. Lanes 1 to 24 represent fractions collected from the glycerol gradient; fraction 1 represents the top of the gradient, and fraction 24 represents the bottom. After SDS-10 PAGE, the gels were blotted onto nitrocellulose paper and probed with an anti-VP5 PAb. The positions of the standard size marker proteins of BSA (66 kDa), ␤-amylase (200 kDa), and apoferritin (440 kDa) are indicated at the top. The standard size markers were run in parallel in different tubes than the samples but in equivalent glycerol gradient fractions. The prestained markers on the blot are designated M. (C) Size exclusion chromatography of purified VP5. Recombinant VP5 expressed in insect cells was partially purified by anion-exchange and hydrophobic-interaction-exchange chromatography. VP5 was applied to a Superdex-200 column previously calibrated with a standard set of marker proteins (the profile is shown in the uppermost panel). VP5 fractions 5 to 13 covering the molecular mass range from 66 to 400 kDa were analyzed by SDS-10% PAGE (middle panel), and fractions 8 to 13 only were analyzed by Western blot with polyclonal VP5 antiserum (lower panel). The identity of the high-molecular-mass VP5 species as the putative trimer is indicated.
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on October 30, 2017 by guest http://jvi.asm.org/ are shared by all three proteins. It is noteworthy that the position of the domains of rotavirus VP4 is inverted in relation to the BTV VP5 (Fig. 9) . To examine the predicted amphipathic helices for direct membrane permeabilization activity, each sequence was synthesized in vitro and tested using the LDH release assay. The peptide representing the first amphipathic helix of VP5 produced the highest levels of LDH release, with significant activity also shown by the second VP5 ␣-helix. A third peptide synthesized from sequences downstream of the two amphipathic helices showed no LDH release effect. Similarly, data obtained from the deletion mutation analysis confirmed that the presence of the two "amphipathic" helices at the N terminus correlated with cell cytotoxicity and membrane damage. These data are consistent with a model of VP5 function in which amphipathic helices at the amino terminus of a coiledcoil domain of VP5 are unmasked following low-pH removal of VP2 and are responsible for the membrane destabilization that is required for normal virus cell entry.
Amphipathic helices have been implicated in the membranebinding activities of a variety of proteins, including toxins, viral fusion proteins, and many pore-forming proteins (7). For example, in influenza virus the fusion peptides in the hemagglutinins show a propensity to form amphipathic helices (5, 64) . Similarly, the fusion peptides of other enveloped viruses (e.g., respiratory syncytial virus, HIV-1, Newcastle disease virus, Sindbis virus, etc.) also form sided helices, with most of the hydrophobic amino acids falling on one face of the helix and most of the apolar residues, including the majority of the alanine and glycine residues, falling on the opposite face of the helix (see reviews in references 5 and 64). BLAST searches for proteins with sequences similar to those defining the two amphipathic helices of VP5 identified cecropin, an antibacterial peptide toxic to bacterial cells and which causes permeabilization (49, 54) . Interestingly, peptides representing the first amphipathic helix of VP5, the most cytotoxic, exhibited the highest sequence homology (55%) with the cecropin peptide, while the second helix showed less homology (33%).
A coiled-coil domain in VP5 separates the amphipathic helices from a hinge sequence that connects it to the globular body of the protein. It is tempting to speculate that the coiledcoil is the region responsible for the VP5 trimerization and that a conformational change occurs following VP2 removal to enable the penetration reaction. In this regard, the mechanism of this nonenveloped virus entry into the cell may resemble the more well characterized fusion mechanisms of hemagglutinin (62, 65) and HIV (8, 48) in which the coiled-coil has been likened to an unsprung spring mechanism that drives the fusion peptide into the target bilayer. For HIV, peptides that mimic the coiled coil have been shown to inhibit fusion by the membrane glycoprotein (35) . It is conceivable that peptide mimics of the VP5 coiled-coil sequence might be used to verify a similar mechanism for BTV and to provide an opportunity for therapy that would be much less susceptible to the strain variation that hinders effective vaccine control of the disease (for a review, see reference 57).
